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need Higgs 
in the SM?
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Credit: https://physics.aps.org/articles/v16/165
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

e ψ̅ ɣµ ψ Aµ
this term 

contains
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

Symmetry

SU(3) × SU(2) × U(1)
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Take a simple classical mechanics example

F =  - ∂
∂r U

U is not unique since 
I can always add a 

constant term

U → U + ⍺

F =  - ∂
∂r UStill

Symmetric 
under 

transformation
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

mass terms

m ψ̅ ψ Fermions 
mass term

m2 Vµ Vµ Gauge Bosons 
mass term
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

mass terms
Fermions 
mass term

m2 Vµ Vµ Gauge Bosons 
mass term

Breaks the symmetry!

m ψ̅ ψ

Certain transformation on ψ or Vµ 

according to the symmetry does not 

work on these mass terms

But it does on 

these SM terms
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m ψ̅ ψ

Spin 0 particle = Higgs field!

breaks 
symmetry

does not 
break 

symmetry!

ϕ ψ̅ ψ

constant 
value dynamical 

value
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

ϕ

Higgs Field

naively expect to be “quiet” 
and zero everywhere
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ϕ

Higgs Field

And Higgs field is unique in 
that it interacts with itself
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(ϕ’ + Constant)

non-ze
ro va
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It results in non-zero 
vacuum expectation value
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Higgs Field

(ϕ’ + Constant)

non-ze
ro va

lue

It results in non-zero 
vacuum expectation value

Sergo Jindariani Monday

self-coupling

minimal at nonzero
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Higgs Field

(ϕ’ + Constant) ψ̅ ψ

ϕ’ ψ̅ ψ + Constant ψ̅ ψ m ψ̅ ψ
mass term!

non-ze
ro va

lue

Higgs-Fermion 
coupling…
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

ϕ ψ̅ ψ

Higgs

Fermion

Fermion

Higgs to Fermions Couplings
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Theoretically Higgs mechanism started around in 1960s

To confirm the theory we need to find Higgs field 
and measure its properties
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smash 
SM 

fermions
H H

Produce Higgs boson,
an excitation of Higgs field



44

Chang
Florida

We collide protons

at the Highest energy

at the Fastest rate

At the LHC

Proton



44

Chang
Florida

We collide protons

at the Highest energy

at the Fastest rate

At the LHC

Proton

“bag” of
quarks and gluons

quarks

gluons
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➊ Gluon Fusion (ggF)

➋ Vector Boson Fusion (VBF)

➌ Vector Boson Associated Production (VH)

➍ Top quark Associated Production (ttH)

ggF

VBFVH

ttHother

10x smaller

1.5x smaller

10x 
smaller

once every 4 billion proton collisions
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ggF
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ttH

~once per 1B

~once per 10B

~once per 20B

~once per 100B



Rule of thumb numbers
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In Run 1, ~20000 Higgs events per 1 fb⁻¹ at 8 TeV
pp collision of ~20 fb⁻¹ → ~0.4 M Higgs events

In Run 2/3, ~50000 Higgs events per 1 fb⁻¹ at 13/13.6 TeV
pp collision of ~265 fb⁻¹ → 13 M Higgs events
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smash 
SM 

bosons

smash 
SM 

fermions
H H

H H

boson

boson

fermion

fermion

Higgs boson couples to many particles

⇒ Higgs will decay into pair of particles!
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How? photons do not have mass
⇒ no coupling to Higgs

Higgs

ɣ

ɣ

“Loop 
Diagrams”

There are more…



Example channel H→ZZ→llll 
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top

top

Higgs

gluon

gluon

Z

Z

lepton
lepton
lepton
lepton

~20000 per 1 fb⁻¹ 3% 1%× × = 6 per 1 fb⁻¹



Reconstructing leptons
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Tracker

calorimeters

muon ch
ambers

drawn to 
~scale Despite its good 

reconstruction per 
lepton ~80-90% efficient

Leads to inefficiencies
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And some leptons may get outside of detector acceptance

Further leads to inefficiencies



Higgs boson discovery
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7.54 events

~ 10 fb⁻¹ 
⇒ ~60 expected

Per lepton
~ 60% eff. × acc.

(on average*)

60 × (60%)4 = 7.8
* ignoring various other phase-space selection for simplicity



Higgs boson discovery
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7.54 events

* ignoring various other phase-space selection for simplicity

Observed ~ 9 data events
Bkg ~ 3.5 events

From theory

Observed signal = 5.5 evt

What can we 
learn from this?
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Rate ~ Production and Decay
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Production coupling
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Rate ~ Production and Decay
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top

top

Higgs

gluon

gluon

Z

Z

lepton
lepton
lepton
lepton

Production coupling
cprod

Decay coupling
cdecay

Amplitude ~ cprod cdecay

Rate ~ cprod2 cdecay2Amplitude2 ~

Observing 5.5 events vs. 7.5 predicted events
tells you something about cprod/cdecay!



One measurement
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Rate observed ~ cprod,observed2 cdecay,observed2

Rate predicted ~ cprod,theory2 cdecay,predicted2

~ 5.5 events

~ 7.5 events
= 0.73

🤔

fermion

fermion

Higgs
Z

Z

You can’t tell which one is different from theory



Many measurements
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fermion

fermion

Higgs
Z

Z
fermion

fermion

Higgs
W

W

fermion

fermion

Higgs
τ

τ

Ratio ~ 0.73

Ratio ~ 1.05

Ratio ~ 0.92



Various different rate measurements
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CMS  (13 TeV)-1138 fb

 = 125.38 GeVHZZ  m→H

All categories
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*γZZ, Z→qq
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CMS  (13 TeV)-1138 fb

ZZ→H

More sharp 
and clearer



Various different coupling measurements
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Various different coupling measurements
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H
b

b

H
W

W

H
Z

Z

H
τ

τ

7M higgs



Future of coupling measurements
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Future of coupling measurements
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~2%
8-10%

20-30%

~5%

20 times more data by year 2042
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

ϕ

Higgs Field

And Higgs field is unique in 
that it interacts with itself
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https://www.symmetrymagazine.org/article/the-deconstructed-standard-model-equation?language_content_entity=und

Higgs Field

(ϕ’ + Constant)

non-ze
ro va

lue

It results in non-zero 
vacuum expectation value
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×
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